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highest in the tropics, and higher rates of speciation than extinction have led to a 140 buildup of tropical biodiversity. Given that most clades have originated in the moist 141 tropics, climatic conditions associated with higher latitudes (e.g., freezing 142 temperatures, aridity, strong seasonality) are encountered as stressors, and only a 143 portion of lineages are able to adapt to and persist in these environments, resulting in 144 a latitudinal gradient in diversity. 145 Niche partitioning, driven by both abiotic and biotic mechanisms, also plays a 146 6 role in shaping the latitudinal diversity gradient. Species adapted to more abiotically 147 variable habitats can tolerate a wider range of abiotic conditions and therefore have 148 wider niches, larger elevational ranges and the associated potential to disperse over 149 mountain range barriers, and broader geographic ranges (Terborgh 1973; Stevens 150 1989; Gaston & Chown 1999) . This effect is compounded by biotic interactions, 151 leading to high niche specialization at lower latitudes (Brown 2014) . Thus, niche 152 breadth and the looseness of species "packing" within ecological communities and 153 across local (e.g., topographic) environmental gradients increase with latitude. 154 The latitudinal variation in evolution rate and biotically driven niche 155 specialization described above is probably driven by temperature (Brown 2014) . In 156 general, biological rates tend to increase with temperature through temperature effects 157 on the kinetics of the biochemical reactions underlying metabolism (Brown et al. 158 2004; Sibly et al. 2012) . Specifically relevant here, rates of DNA evolution, 159 speciation, and biological interactions (e.g., competition, herbivory, predation, 160 parasitism) all increase with temperature (Gillooly et al. 2005; Allen et al. 2006 ). This 161 provides a possible mechanistic explanation for the above-described latitudinal 162 gradients in evolution rate and Red Queen coevolution, leading to the argument of 163 Brown (2014) that "the Red Queen runs faster when she is hot." 164 While the above mechanisms determine regional species pools, local plot richness 165 is ultimately constrained by forest structure including the number and sizes of 166 individuals that can coexist. Indeed, the species-energy hypothesis posits that climate 167 strongly influences primary productivity, or the total energy available for partitioning 168 within most ecological communities, thereby indirectly affecting species richness via 169 its impact on the number and size of individuals that can be supported (Hutchinson 170 1959; Currie et al. 2004; Brown 2014; Chu et al. 2016b; Storch et al. 2018) . 171 Specifically, both gross and net primary productivity increase with temperature across 172 the latitudinal gradient (Luyssaert et al. 2007 ). This greater energy availability in the 173 tropics can be partitioned to support more individuals. In turn, more individuals could 174 represent more species because of a statistical effect (rare species are more likely to 175 be absent in small samples) and/or larger population sizes per unit area, the latter of 176 which would be associated with decreased extinction rates and thereby maintenance can also be partitioned to support fewer larger, as opposed to more, individuals. If 183 increased energy goes primarily to support a few larger individuals, it may have little 184 impact on species richness, or may even suppress diversity through associated 185 competition for limiting resources (Franklin et al. 2002 abundance, tree size variation, and stand basal area), and tree species richness. Our 211 two major objectives were to: (1) Disentangle the direct and indirect effects of climate 212 on tree species diversity across global forest plots, thereby evaluating the relative 213 importance of mechanisms described above (Fig. 1) , and (2) Quantify the effects of 214 forest structural attributes on local tree species richness within each forest plot, in 215 order to assess whether the importance of these drivers varies systematically with 216 latitude. scale-dependence of forest structural patterns and processes (Chisholm et al. 2013 ) 233 and to test the hypothesis that species richness increases more rapidly with increasing 234 spatial scale at lower latitudes ( Fig. 1 ). We excluded shrubs and lianas from the 235 analyses and focused only on trees. In each quadrat, in addition to tree species 236 richness we calculated three easily measured and ecologically important forest the finer spatial scale of 10 m × 10 m. In addition, we calculated the ranges of 255 elevation, slope and convexity within individual forest plots at the two spatial scales, 256 resulting in a total of nine topographic variables. 257 We compiled climate data for the 35 forests to analyze the relationship among 258 topography, climate, forest structure, and tree species richness (across-forest plot 259 analyses at the two spatial scales using the same climatic information). We used 260 standardized climate data with the 0.5-degree spatial resolution from the CRU TS4.01 niches (Terborgh 1985) , or may decrease species richness through strong asymmetric 304 competition for light, especially in more diverse forests with a higher proportion of 305 rare species (Larson et al. 2008; Hakkenberg et al. 2016 ). As such, we defined a 306 reciprocal interaction between tree species richness and tree size variation. 307 We conducted both across-forest plot analyses and within-forest plot analyses.
308
For the across-forest plot analyses, we first calculated mean tree species richness and 309 forest structural attributes across quadrats at the two spatial scales within each forest To simplify the SEM model construction and account for potential colinearity 318 among variables, we reduced the dimensionality of the climate (twelve predictors) and 319 topography variables (nine predictors in across-forest plot analyses: elevation, slope, 320 convexity and the ranges of these three variables both within each quadrat and across 321 the entire plot; eight predictors in within-forest plot analyses: elevation, slope, 322 convexity, and the ranges of these three variables within each quadrat, sin(aspect) and 323 cos(aspect)) by means of principal component analysis (PCA) at the two spatial 324 scales. We present the PCA results of topography for the across-forest plot analyses 325 and plot-specific PCA results of topography for within-forest plot analyses in 326 Supplementary Information Table 2 . We used the 'lavaan' package (Rosseel 2012 (Fig. 3a) . We then considered a number of alternative reduced models 332 sharing the same causal structure with the initial model, which were constructed by 333 eliminating non-significant variables one by one (Supplementary Information Table   334 3). The decision to remove a path was based on the performance of overall model fit 335 and the P-value for the path (Grace 2006) . Model evaluation was determined by the 336 following two criteria: 1) The chi-square test (P > 0.05 for a satisfactory fit), and 2) 337 The Standardized Root Mean Square Residual (SRMR < 0.05 for a satisfactory fit).
338
The Bayesian Information Criterion (BIC) was used to select the best model from 339 models with a satisfactory fit. In the final step, we deleted non-significant paths with degree at the scale of 50 m × 50 m (Fig. 2b) . In contrast, in plots at latitudes greater 370 than 23.5°, the rates were 0.90 and 1.78 species per degree for the 20 and 50m scales, 371 respectively (Fig. 2b ). This demonstrated that tree richness increases more rapidly 372 with increasing spatial scale in lower latitudes. 
392
We note that an SEM model incorporating latitude explains slightly higher 393 proportion of the variance (R 2 ) in tree richness than a model with climate alone (Table   394 2; across-forest plot SEM models including latitude are presented in the 395 Supplementary Information Table 6 ). The incorporation of latitude also makes the 396 direct path from ClimPC1 to tree species richness non-significant (Supplementary 397 Information Table 6 ). ClimPC1 was strongly correlated to latitude (r = -0.91; 398 Supplementary Information Fig. 2) , and it was inappropriate to include two variables 399 as tightly correlated as these into a single SEM (Grace 2006 ). Since the aim of our 400 study has been to elucidate the causes of the latitudinal gradient in tree species 401 richness, we focus on the model with climate rather than the model with latitude. Still, 402 we cannot exclude the possibility that the effect of latitude on tree species richness 403 goes beyond the sole effect of climate. 430 We found clear evidence that climate influenced tree species richness both directly 431 and indirectly (through stem abundance) in forest plots worldwide. This lends support 432 to all of the major mechanisms considered here ( Fig. 1) and yields insights into their 433 relative importance. 434 At the two spatial scales explored, there were strong, direct effects of climate 435 on tree species richness (Fig. 3) , with the first PC axis, ClimPC1, explaining more than 436 70% of the variation. This axis mainly represented temperature-related climatic 437 factors, with 50% reflecting the harshness and variability of environmental conditions 438 (Table 1) . Thus, regions with less variable intra-annual climate and higher average 439 daily minimum temperature harbor more tree species, which is consistent with but 440 does not distinguish among three mechanisms shaping the latitudinal gradient in 441 diversity ( Fig. 1): (1) difficulty for lineages of tropical origin to adapt to and establish abundance would need to increase by ~4 orders of magnitude for every order-of-469 magnitude increase in species richness (Brown 2014) , implying the need for 470 a >10,000-fold increase in stem abundance to explain the observed latitudinal trend in 471 richness. In fact, stem abundance increased by only 25-fold (Fig. 2c) . Thus, our 472 results demonstrate a small but significant role for stem abundance in shaping the 473 latitudinal gradient in forest tree diversity. 474 We acknowledge that we could not rule out the possibility that other The within-forest plot results showed pronounced variation among forest sites in how 486 specific forest structural attributes affected tree species richness. For example, we 487 found no significant relationship between tree species richness and stand basal area in 488 the across-forest plot analyses ( Fig. 3 ; Supplementary Information Table 5 ). However, 489 in the within-forest plot analyses, stand basal area was negatively correlated with 490 local tree species richness in nine plots at the scale of 20 m × 20 m and 13 plots at the 491 scale of 50 m × 50 m. The negative effect of stand basal area on tree richness likely 492 implies strong competition among trees for limited resources in these forests.
Climate influences global tree species richness both directly and indirectly
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Among three forest structural attributes, the effect of stem abundance on tree 494 species richness decreased with increasing latitude at the scale of 20 m × 20 m ( Fig.   495 4b), which means that on average a change in one standard-deviation unit in stem 496 abundance could result in a more pronounced change in tree species richness in 497 tropical forests than in temperate forests, probably due to the higher tree species 498 richness in tropical forests. In hyper-diverse tropical plots, the species pool is higher 499 than the number of individuals at the 20 m × 20 m but not at the 50 m × 50 m quadrat 500 scale; adding any additional individuals thus has the potential to increase the species 501 richness of a 20 × 20 m quadrat (Fig. 2d) . On the contrary, in species-poor temperate 502 plots, the highest realizable levels of diversity may be attained with far fewer 503 individuals and above certain densities adding more individuals will not further 504 increase species richness of a quadrat. The higher local effect of stem abundance on 505 species richness in tropical than in temperate forests may also be amplified by variance at some sites suggests that other unmeasured factors (e.g., the abundance of 516 herbivores and pathogens; Janzen (1970)) may play a greater role in determining 517 species richness in these forests.
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In summary, our results demonstrate that climate simultaneously influenced 519 global tree species richness both directly by climatic extremes and temperature, and 520 indirectly via changes in the number of individuals. These findings show that a 521 number of mechanisms are acting in concert to shape the latitudinal gradient in 522 diversity, with no single mechanism being sufficient on its own. Our work also 523 suggests that a more comprehensive framework for the effects of multiple variables 
